It is obvious that the welfare of man is in part dependent on the kind and abundance of some of the other animals on earth. The life, death, and abundance of the completely domesticated animals (e.g., the cows, horses, and pigs) are completely in man's hands. If there are economic reasons for having a large population of cows this can be arranged by normal husbandry, and if new means of transportation appear the number of horses is appropriately reduced. There are, in addition, non-domesticated species whose abundance is of significance. Some of these animals are of great value, and populations of them constitute resources occasionally equal in political and historical significance to mineral resources. Others are pests. Included among the pests are the direct nuisances and hazards, like biting insects and disease vectors, and the indirect nuisances, like termites and stored grain eaters, which tend to lower the wealth and living standards of human populations. While the abundance of both pest and resource populations is of great interest to man, and is partially under his influence, it typically is not under human control. With regard to these populations even modern man is a hunter, not a farmer.
There is an intuitive feeling that there are wise and foolish ways to be a hunter. A hunter may have as his goal the extermination of his prey, or he may be concerned with satisfying his own needs at the expense of the prey over a long period of time. Clearly, we expect the behavior of the exterminator to differ from that of the manager, and the behavior of hunters of different species of animals also differs. Is there a general theory which will permit us to distinguish between the behavior of a clever pest killer and a clever resource manager? Or are the differences between the various prey species so great that they overwhelm the hunters' behavior, and obscure the differences between exploitation and extermination? The answer to this question is of major importance on a very practical level. As the world's human population expands, greater pressures are put on specific resource populations. Occasionally in the past, and increasingly in the future, these populations are, or will be, altered so as to be in danger of extinction. When such dangers are recognized, research is begun on ways to modify the exploitation of the resource, and any possible shortcuts that might be made in such research are of obvious practical value. If each resource population is a unique problem then no shortcuts are possible.
It would be extremely pleasant if we could discover some basic mathematical law of predation, which would permit us to evaluate in the field a list of constants, and from these parameters derive an optimal process of rational predation or effec-live pest control. Various workers in fisheries institutions, pest infestation laboratories, and university biology departments around the world have been exploring this possibility for many years. J will not attempt a historical summary but will discuss some of the experimental approaches that have been made to the problem, largely in my own laboratory. I will then derive a rather tentative general theory of predation.
It should be noted that man is not the only hunter to benefit from a prudent policy of predation. The various carnivorous animals also face the same problems. Obviously, for both man and animals the first problem is how to catch prey. Once that has been successfully solved the next problem is how to avoid catching the prey in such a way as to eliminate the resource completely. If we succeed in developing a general theory of prudent predation, it becomes of great biological interest to know if non-human predators mimic this prudent behavior.
It is extremely difficult to experiment with a natural fishery. Aside from the intrinsic difficulties in dealing with large populations of wild animals in nature, any attempt to alter actual fishing procedures involves social and economic problems of major magnitude. Some "natural" experiments can be found, e.g., the cessation of fishing during wars or the introduction of new technology. Unfortunately these are generally lacking in replication and controls and can only be analyzed in a limited way. British and European workers have carefully analyzed the effect of two world wars on the North Sea fisheries.
Rather than wait for accidental experiments it is possible to derive some information from laboratory experiments. These experiments must use animals which are short-lived and which are amenable to relatively simple procedures for laboratory culture. Once the culture problems have been solved, animals placed in a laboratory container will alter their abundance so as to accommodate to the environment. So long as culture conditions remain constant such laboratory populations can be maintained for generation after generation. It is possible to set up arbitrarily different systems of predation and determine the effect of these on laboratory populations.
In the laboratory, "reality" and immediate applicability are sacrificed for ease of experimental manipulation and repetition. Both natural and laboratory populations are, however, self-regulating systems in which the abundance of a population is determined by the environmental circumstances and the interactions between the organism (given the physiological and genetic properties of the individual animals themselves). If there exists a unique general theory of predation it should be applicable to both natural and laboratory systems and derivable, in principle, from either.
In my laboratory we have used, at various times, populations of flatworms, Daphnia, and Hydra. All of these species are aquatic and capable of asexual reproduction. In fact sexuality is essentially negligible during these experiments. The experiments are singularly simple, even for laboratory situations, because we deal with behaviorally simple animals in a transparent medium, and are not confronted with genetic recombination and selection during the course of each experiment. In Daphnia, for any given physical environment, the size of the population is dependent on the rate of food supply in an essentially linear fashion (Slobodkin, 1954) . This is also true of Hydra and is convenient for analysis.
It is also generally true that the number of animals maintained in steady-state populations is lower at higher rates of predation. For such populations there is no unique optimal predatory procedure. This becomes obvious if we recognize that a prudent predator must maximize both its yield from the prey population and the probability of future survival of the prey. Other things being equal, an increase in the rate of predation increases the yield but also reduces the number of animals in the prey population-making the continued survival of the prey population increasingly less probable. The rate of predation to be chosen in any particular case depends on the amount of weight to be given these two considerations.
Assuming for the moment that the predator is concerned with maximal steady-state yield, it need only leave behind enough of the prey population to just replace itself. What are the limits on this process? The ultimate limit is the maximal possible rate of increase of the prey population. In a constant environment all populations tend to come to constant abundance or fluctuate cyclically. The period of constancy is obviously characterized by equal rates of natality and mortality. The actual size of the population at any time is a resultant of the number born and the life expectancy of each animal. For example, if ten animals per day are born into a population and ten animals die, we know that the population is not changing in abundance. But we do not know how many animals are in it unless we know how long the average animal lives. If an average animal lives ten days there will be one hundred animals in the population-ten times as many animals as there would be if the average animal born lived one day.
Predation acts initially to increase the mortality rate above the birth rate. If there were no compensatory increase of the birth rate the prey population would be completely eliminated. However, there is for all species a certain resilience in the reproductive rate. This resilience is primarily due to the fact that in any population the removal of some of the animals leaves unutilized the resources these individuals would have used. This increases the available resources for the survivors. The number of young born tends to be higher than in the absence of predation, and the mean life expectancy of the animals that are not taken by the predator may be higher than it otherwise would have been. However, the mean life expectancy of a newborn animal will be less than in the absence of predation.
As predation becomes more intense and the prey population becomes smaller, a further increase in the rate of predation diminishes the increase in reproductive rate and longevity of survivors. That is, the physiological limits of fecundity and longevity are approached. Once these limits have been reached there is no further compensatory mechanism available, and further predation will simply destroy the prey population. At the physiological limit the population can be thought of as attempting to increase at a rate equal to the rate of predation. This rate (computed as the immediate increase in population that would occur should predation cease) is the maximal rate of natural increase of the population. It can be computed readily from data on life expectancy and fecundity, and varies between and within species according to the quality of the environment. If we consider that what is taken per unit of time by any predator represents the increase for that environment, it becomes apparent that in the absence of all predation the rate of increase is zero.
While a predator can remove animals at a rate up to the maximum intrinsic rate of natural increase in that environment, it is not advantageous to do so. Not only does such an intense rate remove all resilience from the prey population, but it also usually involves a reduction of the rate of yield to the predator over that achieved by a lower rate of predation.
A predator, in general, uses its prey population to manufacture some commodity from raw materials which are otherwise of no immediate use. For example, a fur trapper uses the fox or beaver population to manufacture furs from the raw material of lemmings or poplar bark, and a herring uses microcrustacea to manufacture food from phytoplankton. The predator is therefore best off if the rate of predation is adjusted to maximize its yield. The process of predation increases the rate of manufacture per unit of prey population while it diminishes the size of the prey population. An extremely small prey population cannot produce the same total quantity of yield to the predator as a somewhat larger one, even if the larger one is producing at a slower rate per animal. Excessive predation therefore diminishes yield even if it does not destroy the prey population.
LAWRENCE B. SLOBODKIN
Our experiments provided a rather surprising result with regard to the maximum rate of yield possible in a predator-prey relationship. In the experiments with Hydra and Daphnia, the amount of food provided the experimental populations could be measured with fair precision. The Daphnia were fed on unicellular algae grown on sterile agar medium. The algae were washed off the medium, the density of algae in suspension was measured photo electrically, and a constant amount of food added to each culture. Richman (1958) determined by direct combustion the caloric content of the algae and of Daphnia of different sizes. With this information, and the number and approximate size of the Daphnia that had actually been taken from the populations, the ratio of the energy (as calories) in the Daphnia removed to the energy in the algae eaten can be calculated. This is, in effect, the efficiency of the Daphnia population in taking algal energy and converting it into energy in the form of yield to the predator.
Various attempts have been made to evaluate this type of efficiency (which is now called "ecological efficiency") in natural populations (see Slobodkin, 1962; Engelmann, 1966) . Typically these attempts involve fairly large sampling errors in estimates of the densities of the prey and predator populations. There are also a variety of more or less correct conversion constants, and other sampling errors. The values for ecological efficiency that have been.derived from field studies vary rather widely, as might be expected, from 4-5% to 20-25%. There is a tendency for such estimates to cluster around 10-15%. Given the various problems in making these determinations, it is not clear whether this clustering is actually an indication of the best estimate for ecological efficiency, or whether a kind of consensus has been created because workers exercised some kind of choice in their conversion constants so as to not disagree too badly with already published work. With these qualifications, approximately 10% is a generally accepted figure for ecological efficiency in nature, and the variations reported from that value do not seem to have any particular relation to ecological situations or taxonomic groups. Many of the estimates of ecological efficiency are for "tropic levels," i.e., herbivores, first-level carnivores, etc., which may involve pooling data from groups as diverse as the vertebrates and the coelenterates.
The experiments with Daphnia (Slobodkin, 1959) were among the first laboratory studies in which ecological efficiency could be evaluated. While there are still several conversion constants, the errors in sampling are negligible and the steady-state condition is met. In these experiments the intensity of predation is under complete experimental control. The technician operates as a predator. In the absence of predation the ecological efficiency is zero by definition, since the prey species continues to consume energy but furnishes no yield to the predator. As the intensity of predation increases, the size of the steady state population decreases and, at least for low values of predation, the ecological efficiency increases. As predation becomes more intense the relation between the population of Daphnia and its food supply begins to change. At low levels of predation there is a linear relation between food level and size of population. Because the food-consuming capacity of a population is proportional to the number of animals present, when the population is excessively reduced by predation it can no longer consume all of the food provided. This occurs when the ecological efficiency is approximately 8%. As predation becomes even more intense the calories of yield from the Daphnia become a smaller fraction of the food provided in the experimental container. However, the amount of yield provided per unit of food energy actually consumed by the Daphnia continues to rise. At the highest level of predation which we could maintain without eliminating the population completely, the ratio of yield from Daphnia to food consumed by Daphnia was approximately 12% (Slobodkin, 1959 (Slobodkin, , 1961 .
Thus, the first experimental evaluation of ecological efficiency, using animals chosen solely for their convenience as experimental material and without regard to their taxonomic or trophic position, gave a maximal value of ecological efficiency which essentially coincided with the mean of field estimates. This result is sufficiently surprising to merit either careful theoretical analysis or extensive repetition or both. Are we dealing with a constant value or not, and if it is constant why should it be so? Unfortunately no theoretical analysis of any satisfactory sort has yet been made and the experimental repetition has been limited to my laboratory.
Since the generality of the agreement between laboratory and field estimates is of at least as much interest as the precise value for Daphnia, the repetition was done with Hydra, an organism as different from Daphnia as possible in most respects. The Daphnia are free-swimming herbivorous Crustacea. Hydra are normally sedentary, carnivorous coelenterates. The results with Hydra were not clearly different from those obtained with Daphnia.
This was then tested in one further extension. I found that the green hydra, Chlorohydra viridissima, could be maintained at a steady state in the same culture vessel as the brown hydra, Hydra littoralis, in the dark. A system of predation was established on this two-species system in which the total number of animals to be removed was determined as a fraction of the total increase in population, and the number removed from each species was proportional to their relative abundance in the populations. Again, the maximum ecological efficiency obtained was essentially the same as given by Daphnia and the generally accepted field value.
There is an immediate suspicion that the result is some sort of artifact of the experimental procedure, but this is unlikely because when a similar experiment is attempted with green hydra, in the light, the maximum ecological efficiency, calculated as energy in the yield-animals divided by the energy in the brine-shrimp nauplii which were used as food, is four times higher than in the earlier experiments. Muscatine has shown that green hydra receive maltose from their algal symbionts (Muscatine and Lenhoff, 1963; Muscatine, 1965) . The tentative conclusion, subject to further test by other laboratory workers and subject to more precise analysis of field situations, is that an ecological efficiency of 8-12% is a reasonable and safe figure to be maintained by a steady-state population.
If this is valid, we have produced a general criterion for exploitation. However, even if it is valid this criterion is not a particularly usable one for either human or animal predators, because it requires a global perspective on the status of predation which neither the individual predator nor the individual fisherman can maintain. In my experiments I can precisely adjust my rate of predation to a fixed level with regard to any desired characteristic of the population as a whole, because I can examine the entire population and only then remove the prey. This type of adjustment on the part of the fisherman is impossible, because during his predatory activity he does not know the state of the entire resource population. It is, therefore, necessary to find a procedure which will permit the individual predator or fisherman to act within his own local framework in such a way as to achieve the optimal relation with the prey population as a whole.
The solution to this problem lies in the fact that the different kinds of animals in the prey population have different roles in that population. Removal of some kinds of animals critically reduces the standing crop of the prey population while removal of others does not. While it is not possible, on a local level, to assign an optimal predatory rate to each predator it is possible to imagine an optimal mode of predation. The strategy of the predator is to take those animals which best satisfy its needs with minimal disruption of the prey population if the prey species is a resource, and take animals so as to cause maximal disruption if the prey is a pest.
In the experiments with Daphnia the optimal category of prey animal to be removed can be readily determined. In these experiments the yield could be taken either as young animals or as adult animals, the adults could be taken either with or without eggs, and the number of eggs in the yield could be counted. For each population we knew the calories of food consumed per unit time (I), the calories of standing crop maintained during that time (P), and the yield as adults (Y A ), as eggs (Y E ), and as young (Y y ). The yields are expressed in calories per unit time. For each population we can write an equation:
Y E E +F (1) in which the coefficient c is the cost of maintenance, in calories, of one calorie of standing crop for one time unit. The terms Ej. A , E PE , and E PY are called "population efficiencies" associated with the removal of adults, eggs, and young, respectively. We will provide a rationale for these terms below, but notice that if the value of Ep, for some kind of animal, i, is large, the corresponding term Y,/E P1 is very low. If the values of population efficiency differ for two kinds of possible yield in the prey population, it is preferable to take the kind with the highest population efficiency. This is a kind of information that can be used locally without knowing the momentary global status of the prey population. For example, it may be expected that animals in the prey population differing from each other in population efficiency also differ from each other in other properties, e.g., perhaps body size or behavior. A predator can now concentrate on those prey-capturing techniques which tend to take animals of the appropriate size or behavior. We now have two problems. First, can population efficiency or the relative population efficiencies associated with different kinds of prey be evaluated in any reasonably practical way? Second, and somewhat more subtle, do natural predators take prey of maximum population efficiency, and if so how did they determine the values for population efficiency?
The simplest kind of evaluation of population efficiency can be made if data on steady-state sizes and yields are available from a series of populations, each of which is subjected to a different pattern of predation. In the experiments with Daphnia there were 22 populations distributed over three feeding levels (Slobodkin, 1959) . At each feeding level young animals were primarily, but not exclusively, removed from some populations while adult animals were preferentially removed from others. Within each of these categories the rate of removal differed between populations. All of the populations differed from each other in standing crop and yields, but assuming that equation (1) is valid for all of them, there is a uniquely determined best set of estimates of maintenance cost and population efficiencies. That is, for each population it is possible to write an equation like (1) with four unknowns and then to solve the 22 equations for the best estimate of the four unknowns. The actual values of population efficiency for Daphnia were 48% for adults, 6% for eggs, and 3% for young. While the precise values are not critical, their relative magnitudes provide some insight as to the relative values of population efficiency when we have only a single population for study instead of a whole series.
We know that, in general, the natural mortality pattern of Daphnia is such that the life expectancy of a young animal is considerably greater than that of an older one. That is, Daphnia shares with man, mountain sheep, and horses the property of being relatively viable in their youth and becoming more susceptible to various sources of mortality when they grow older. The removal of calories of old Daphnia may make considerably less difference in the size of the prey population than the removal of equivalent amounts of young calories because the old animals are quite likely destined to die in the near future.
This suggests a general procedure. Animals can be removed from a prey population with essentially no danger to the continuity of the prey population, if the predator acts so as not to disturb the distribution of deaths in the prey population. Any prey population, even in the absence of a particular predator, has a normal pattern of mortality. This pattern is a safe one from the standpoint of continuity of the population or the population would not be there. If a predator were able to determine which animals were destined to die in the next instant and captured only those, he would be optimally prudent. The limit to this system is that the total yield per unit of time remains small. Any predatory activity which increases yield also alters the death-distribution of the prey. Nevertheless, it is possible to alter this distribution in a modest way. It seems reasonable to conclude that the kinds of prey exhibiting high population efficiency are best to take. These individuals are relatively large and have a relatively high probability of dying in the near future even in the absence of predation.
Another feature which distinguishes one prey organism in a population from another is "growth efficiency," or the ratio of energy in the animal to energy consumed in its growth and maintenance (Slobodkin, 1960) . Imagine an animal living for an infinitely long time but growing only during its first year of life. Assume also that its rate of food consumption is approximately proportional to its body size. It is clear that while the growth efficiency of our hypothetical animal might be reasonably high during its first year of life, it would tend to fall with time and eventually approach zero. Other things being equal, it is better for a predator to take animals at an age when their growth efficiency is still high.
Xow turn this concept around, and consider an animal that is dying at some particular age. It is possible to calculate the cost, in calories, of replacing that animal with an equivalent one, viz., the number of calories in the animal's body divided by its growth efficiency summed up to its age at death. This permits us to relate growth efficiency to population efficiency. It is possible to show that E ri -the population efficiency used in (1)-tor any animal of type i is precisely equal to: in which Y K is the caloric content of the animal, K 5 is the cost of replacing an animal of age / in the absence of predation, and Dj the number of such animals dying per unit time. Ki and Dj are the corresponding values in the presence of predation and P' and P are the calories of standing crop maintained with or without the removal of the animal of kind i.
Equation (2) may not appear to have simplified anything, but it has the virtue of permitting evaluation of population efficiency from data which, at least in principle, can be derived from a single population. Even if no precise evaluation can be made, it is a fairly safe procedure to take a large animal (with a decreasing growth efficiency and a high probability of dying in the near future) rather than a small animal with an increasing growth efficiency and a long life expectancy. Population efficiency is more or less inversely proportional to reproductive value, as defined by Fisher (1958) and used by population geneticists, but the precise relation is not obvious.
We have now shown that there is always an optimal kind of prey for a predator to take. Although it is possible, at least in principle, to choose between kinds of prey on the basis of information from a single population, a large problem remains. Do non-human predators actually take the optimal kinds of animals that would be indicated by our theory? Unfortunately we face a shortage of direct data. The problem can be resolved, however, by recognizing that if a particular predator is a major source of mortality for a particular prey, there is strong selection for some kind of adjustment to the activity of that predator. The adjustment must be expressed in some way rendering the predator's activities less significant. This result can be attained in either of two ways. The more obvious is in the development of escape behavior or protective mechanisms. Because the evolutionary machinery available to predators is essentially the same as that available to prey, this results in an endless evolutionary race unless some stabilizing process is found. The alternative procedure for the prey is to adjust its mortality, fecundity, and growth patterns so as to maximize the population efficiency of those animals most subject to predation.
Selection is not concerned with an animal's body except as this is a container for future generations. If the fecundity and growth patterns are suitably adjusted, older animals (although still nourishing or valuable from the predator's standpoint) can be made into empty husks from the standpoint of selection. Comfort (1961) has suggested that animals of this sort may be expected to show various kinds of senile degeneration. Being of no value from the selective standpoint permits the degenerative changes that result in death from all causes, in particular from predation. A predator that took only this sort of animal would appear to be highly prudent and would appear to be choosing animals of high population efficiency.
It is possible to raise the objection that predators may prefer younger, more perfect specimens. In any case this is a possibility that should be considered. A shift to younger prey by predators constitutes a selective change on the prey and may be met in the same way as the initial selective change. If this cannot be done I would judge that the prey has been destroyed at some time in the past and is not now available for study. There are many cases in which prey are taken at relatively early ages, before any reproduction at all has occurred (e.g., many of the marine animals with small larvae). It is generally true that these stages are also those that die rapidly in the absence of predation. Errington (1946) suggested, on the basis of studies of muskrat populations, that the chief impact of predators on these animals is borne by the excess animals-those that are wandering and have no territory. In both of these situations, although the animals taken have the physiological potentiality for reproductive life before them, the activities of the predators do not seriously alter the normal survivorship distributions of the prey populations. The predators are ir^rely competing with other sources of mortality. Again we are seeing the removal of animals with high population efficiency.
In some field situations violent fluctuations of prey are correlated in time with great increases of predatory activity. Among the best studied of these is the lemming population of Point Barrow, Alaska. It is suggested by the work of Pitelka (1957) and his students that the numerical decline of lemmings would actually occur even in the absence of predators.
Of course, in some cases (e.g., the Kaibab deer), elimination of all predators results in a radical alteration in number and condition of the prey. Cases in which the elimination of only one predatory species has clearly resulted in an increase of a prey population, seem relatively rare. The reverse situation is well known in the field of biological control where new predators are sought deliberately so ^that they may reduce some prey species. It has been frequently pointed out that the prey species is almost always an exotic, and the successful controlling predator is usually from the same country of origin as the prey. This does not necessarily imply that elimination of the controlling predator would cause an outbreak of the prey in the country of origin. It must be emphasized, however, that this experiment (to my knowledge) has not been attempted.
I conclude, with a series of reservations and qualifications (only some of which have been listed here), that predators generally act as if they were behaving prudently. This apparent prudence is essentially forced on them by the selective effect of predation on the prey population, and does not represent any form of rationality on the part of the prey itself. In designing a system of predation for man, we are behaving with maximum prudence if we also take the kind of prey that natural predators seem to prefer. Conversely, in designing a control system we ought to take the kind of prey natural predators do not take.
